Engineers are increasingly called upon to develop innovative solutions while balancing competing economic, environmental, and social design constraints. Consequently, many educators and professional organizations are calling for improvements in undergraduate engineering education to include sustainability content in order to equip students to engage in sustainable design. Indeed, ABET requires that engineering programs prepare students to consider sustainability constraints during design. Furthermore, accreditation of civil engineering programs by ABET now requires documentation that students more stringently include sustainability principles in the design process. To quantify the effectiveness of educational interventions aimed at developing sustainability-conscious engineers, appropriate assessment methods and tools are needed. Due to the broad, ill-defined, and often subjective nature of sustainability, assessment of related knowledge and design skills has proven challenging for many engineering educators. A variety of sustainability assessments, ranging from indirect to direct measures of student learning, are available but a comprehensive review of the field is needed to make the assessments more accessible and implementable by educators from across engineering disciplines.
Introduction
Numerous engineering societies and organizations have made calls to update undergraduate curricula to train engineers who can better analyze the sustainability of systems, products, and processes. Further, ABET requires all accredited engineering programs to assess students' abilities to design within sustainability constraints and to identify economic, environmental, and social impacts of their projects. Integral to the design and monitoring of reform efforts will be the availability of accurate and reliable tools for assessing students' knowledge of sustainability and ability to apply that knowledge in design 1 . Effective assessments are characterized by objectivity, reliability, minimal influence on student responses, and portrayal of knowledge structure 2, 3 . At the 2016 ASEE Annual Conference, a special session addressed the question of whether there were effective assessment methods for sustainability and other "hard to measure" topics in engineering education. The session stimulated discussion of which assessment tools were available and appropriate for sustainability knowledge, design applications, and attitudes. The purpose of this study was to synthesize the types of sustainability assessments that are readily available to engineering educators, and to identify future needs for effective and transferable tools.
For this review, assessments were classified according to the types of learning objectives and tasks that they would map to using three broad categories: knowledge assessments, design/skill assessments, or belief/attitude/interest assessments. Knowledge assessments indicate to what extent students can recall or organize conceptual knowledge about a given topic, reflecting lower-order cognitive processes designated in the revised Bloom's taxonomy 4 . Knowledge tasks could include defining sustainability or answering objective questions (e.g., multiple choice). Assessments of design skills capture higher-order cognitive processes which may require both conceptual and procedural knowledge; for example, students applying sustainable design to their capstone projects. Assessments of beliefs, attitudes, or interests reflect self-knowledge and are more indicative of motivation to perform sustainable design or act sustainably, rather than a demonstrated ability to do so.
1. The study was published during 2011 to 2016 (without restriction to geographical area). 2. The study was published in English. 3. The study presents an assessment tool for capturing student knowledge, design skills, and/or beliefs/attitudes/interests related to sustainability. 4. The tool is presented in sufficient detail to allow for reproduction and is applicable to contexts beyond the original study.
Searching, Screening, and Appraising
The ASEE PEER database was searched to identify potential records detailing relevant assessment tools. The search terms used were [sustainability + assessment]. Initially, 1001 records were identified ( Figure 1 ). Subsequent screening and appraising occurred in three phases. In phases one, two, and three, records with a relevance index of 2.0, 1.5, and 1.0 or above were examined, respectively. Of the 24, 26, and 26 records retrieved during phases one through three, only 13 (54%), 11 (42%), and 5 (19%) records were retained after appraisal, respectively. Due to the decreasing applicability of records, those with relevance indexes of less than 1.0 were not examined.
Overall, 76 records were retained for abstract screening ( Figure 1 ). After screening abstracts, 15 records were excluded since they did not pertain to sustainability. Most of these records referenced the term sustainability, but not in the sense of sustainable development. For example, one record was focused on sustainable (i.e., long-term, repeatable) outcomes assessment for mechanical engineering.
In total, 61 records were appraised based on their full texts ( Figure 1 ). During appraisal, three additional records were excluded because they did not pertain to sustainability. In addition, 11 records were excluded because their subject matter did not require assessment. Many of these records were seeking to compile data on sustainability learning objectives, courses, and/or degree programs across publications and/or institutions. Also, 13 records were excluded because, while they discussed some intervention related to sustainability education, no assessment tool was presented. Many of these records discussed assessment relative to course evaluations and/or anecdotal observations that were not reproducible and/or applicable beyond the study context. Finally, five records discussed assessment tools, but did not provide sufficient details to allow for them to be reproduced in other contexts. Figure 1 . Summary of searching, screening, and appraisal phases of systematic review.
Synthesis of Sustainability Assessments
After full text appraisal, 29 records were retained for further synthesis ( Figure 1 ). Based on notes recorded during the appraisal phase, emergent categories of assessment tools related to knowledge, skills, and attitudes/beliefs/interests were identified. During synthesis, full texts were re-examined twice and all applicable assessment tools were classified according to the emergent categories. In addition, excerpts of assessment tools from each of the 29 retained records were compiled to provide an inventory of potential tools for instructors and researchers (Appendix A).
Categories of Knowledge Assessments
Through the appraisal phase, five categories of knowledge assessments were identified (Table 1) . Self-report surveys were used to ask students to reflect on and rate their knowledge of sustainability broadly, or specific aspects of sustainability. Direct assessments included relatively objective multiple choice and/or true/false questions, as well as more complex short answer or essay questions. Rather than use written text to gather insights into sustainability knowledge, some authors prompted students to depict their knowledge using concept maps. Students constructed concept maps on the focus question: "What is sustainability?" using CmapTools, a free concept mapping software 10 .
Categories of Design Skills Assessments
Through the appraisal phase, six categories of design skills assessments were identified (Table 2) . Self-report surveys were used to ask students to reflect on and rate their abilities to engage in different aspects of sustainable design using a provided scale. Other authors asked students to describe in their own words their sustainable design abilities. More directly, short answer or longer essay questions were sometimes used to ask students to engage in varying levels of analysis related to sustainable design. Occasionally, closed-ended problems were presented to capture students' abilities to engage in design analysis. More authentically, some authors developed and applied rubrics to score student design reports. 16 .
Categories of Beliefs/Attitudes/Interests Assessments Through the appraisal phase, two categories of beliefs/attitudes/interests assessments were identified (Table 3) . Self-report surveys were used to ask students to reflect on and rate their affect related to different aspects of sustainability using a provided scale. Alternatively, short answer questions were used to gather insights into students' beliefs/attitudes/interests. 
Systematic Review Results

Analysis of Retained Records by ASEE Division
The 29 retained records pertaining to sustainability assessments were published in 16 different divisions of ASEE (Table 4 ). Most commonly, sustainability assessment records were published in the environmental (24.1%) or civil (20.7%) engineering divisions. Other common divisions were liberal education (17.2%), multidisciplinary engineering (13.8%), and education and research methods (10.3%). 
Analysis of Retained Records by Category
Of the 29 retained records, 86.2%, 62.1%, and 51.7% included items and/or tools to capture student knowledge, skills, and beliefs/attitudes/interests related to sustainability, respectively. Assessment tools identified in the 29 retained records were further categorized.
Retained records reporting assessment items related to sustainability knowledge were binned according to five categories (Table 5 ). Most commonly, records reporting knowledge assessments (n = 25) included self-report surveys (56.0%). The most common direct measures included short answer questions (32.0%) and multiple choice and/or true/false questions (24.0%). Concept maps (12.0%) and essays/reports (8.0%) were other direct measures used less often.
Retained records reporting assessment items related to sustainability design skills were binned according to six categories (Table 5 ). Most commonly, records reporting design skills assessments (n = 18) included self-report surveys (55.6%), while less frequently they included self-report short answer questions (11.1%). Unique to the assessment of design skills was the use of rubrics to judge student projects (22.2%) and closed-ended problems (16.7%).
Retained records reporting assessment items related to sustainability beliefs/attitudes/interests were binned according to two categories (Table 5 ). Most commonly, records reporting beliefs/attitudes/interests assessments (n = 15) included self-report survey items (93.3%), while less frequently they included short answer questions (7.1%). 
Analysis of Retained Records by Number of Assessment Targets
Many retained records reported use of assessment tools across multiple targets. Over one-third of records included assessment items related to two different targets (37.9%), most commonly knowledge and skills (24.1%). Nearly one-third (31.0%) of all retained records reported use of assessment tools across all three targets. Nearly one-third (31.0%) only included items related to a single target, most commonly knowledge (17.2%) ( Table 6 ). 
Analysis of Retained Records by Assessment Directness
A variety of direct and indirect assessment tools were reported across the 29 retained records (Table 7) . Indirect assessment tools included those that required students to self-report on their knowledge, skills, or beliefs/attitudes/interests; all other tools were considered direct measures. Overall, 41.4%, 37.9%, and 20.7% of all retained records presented only indirect, only direct, or indirect and direct assessments, respectively. Within those records that presented knowledge assessments, there was an equal distribution between indirect only (44.0%) and direct only (44.0%) assessments. Within those records that presented skills assessments, half (50.0%) presented only indirect assessments. Within those records that presented beliefs/attitudes/interests assessments, most (93.3%) presented only indirect assessments. 
Analysis of Self-Report Survey Items
Across all assessment targets (knowledge, skills, and beliefs/attitudes/interests), self-report surveys were the most commonly employed tool. Of the 14 records including the use of selfreport surveys for knowledge assessment, only 14.3% were validated. Of the 10 records including the use of self-report surveys for skills assessment, only 10% were validated. Of the 14 records including the use of self-report surveys for skills assessment, only 21.4% were validated (Table 8) . 
Analysis of Open-Ended Assessment Tools
Several records reported the use of different categories of open-ended assignments to assess students' sustainability knowledge, skills, and/or beliefs/attitudes/interests. Over 50% of records reporting on the use of open-ended assignments provided relevant scoring rubrics. All records describing the use of concept maps or design reports provided scoring rubrics. Of the records describing the use of short answer questions, 50% provided rubrics for knowledge assessments and 66.7% provided rubrics for skills assessments. Of the records describing the use of essays/reports for knowledge and/or skills assessment, only 50% provided a scoring rubric (Table 9 ). Concept Maps (n = 3) 3 100 10, 11, 20 Essays/Reports (n = 2) 1 50.0 14
Skills Assessments
Design projects (n = 4) 4 100 11, 16, 18, 24 Short answer questions (n = 3) 2 66.7 13, 15 Essays/Reports (n = 2) 1 50.0 14
Discussion of Available Sustainability Assessments
Overall, the systematic review indicated that while there are a variety of assessment tools available, a large percentage of records reporting on sustainability education lacked appropriate assessment methods or presented an assessment approach that would not be transferable to another context. Nevertheless, the 29 records that passed the screening and appraisal process provide insights into each of the guiding research questions and present assessment options for a variety of curricular and co-curricular contexts.
What tools are available for assessing students' (a) conceptual knowledge, (b) design skills or application of knowledge, and/or (c) beliefs/attitudes/interests related to sustainability?
Across all assessment targets, self-report survey items were the most common. Perhaps survey items are commonly used because the domain of sustainability and sustainable design is broad, ill-defined and somewhat normative 25 . In addition, surveys are easy to administer inside or outside of class. However, survey items are only indirect measures of students' knowledge and/or skills and prior work has shown that students often over-report their capabilities 26 . Survey items, however, could be considered direct measures of beliefs/attitudes/interests, which may support why they are most commonly used for this assessment target in the literature.
Related to direct knowledge assessments, domain-specific and domain-independent tools were identified in the literature. For example, some researchers (e.g., Watson et al. 10, 22 ) designed and applied assessments to capture students' holistic knowledge about sustainability by asking them to "define sustainability" or construct a concept map on "What is sustainability?" To score these student constructs, several judges were asked to apply one or more rubrics. In contrast, other researchers (e.g., Chen et al. 15 ) devised (objective) multiple choice, true/false, and/or closedended problems to test students' knowledge of specific topics related to sustainability (e.g., life cycle analysis). Consequently, capturing students' holistic knowledge of sustainability may require the use of more subjective assessment tools than capturing students' understanding of a particular sustainability topic.
Related to direct skills assessments, the most common assessment tools used rubrics or other scoring conventions to rate student projects or written analysis of sustainability-related challenges. Given the intention to capture students' sustainable design abilities, all of these direct assessments essentially required students to actually conduct a design or analysis task. The quality of such skills assessments really depends on the authenticity of the task that students were asked to complete. For instance, actually scoring the sustainability of students' design projects (e.g., Watson et al. 24 and Dancz et al. 16 ) may be more authentic than asking them to solve a closed-ended problem (e.g., Chen et al. 15 ).
Which fields of engineering are most commonly assessing students' knowledge, skills, and attitudes related to sustainability?
Across ASEE, the Civil and Environmental Engineering Divisions are most frequently reporting on the use of various assessment tools for sustainability education. However, many of the tools reported across the divisions are applicable for many disciplines. For example, several knowledge assessments (e.g., the Assessment of Sustainability Knowledge instrument applied by Fraser et al. 18 ) is discipline-independent. In addition, the rubrics presented by Watson et al. 24 and Dancz et al. 16 could be adapted for a variety of engineering projects. Also, several survey items related to beliefs/attitudes/interests could be of interest to educators across disciplines (e.g., Hess et al. 19 ).
Some assessment tools, however, were developed to be discipline-specific. Specifically, one group of collaborators designed a set of modules specifically for civil engineering, mechanical engineering, and industrial engineering 13, 15, 27, 28 . Consequently, many of the related assessment tools provided by these researchers are indeed discipline-specific, although they could be applied within disciplines across institutions.
What practices for effective sustainability assessments are illustrated in the literature?
Analysis of the literature suggests that assessments should be clearly aligned with the particular learning objectives outlined for students. For instance, Sattler et al. 27 present a set of modules developed for civil engineers, which include topics of probability, transportation, life cycle economics, and waste as a resource. Consequently, the assessment tools created for these modules (e.g., multiple choice questions) are directly related to these topics. In contrast, some researchers sought to gather information on students' holistic sustainability knowledge in order to inform the improvement of courses and curricula (e.g., Watson et al. 10 ). Consequently, students were asked about their holistic knowledge of sustainability, rather than their knowledge of specific topics.
Second, many records illustrated that multiple targets should be assessed in order to fully capture the impacts of a particular educational intervention. For example, to assess the impacts of a nation-wide initiative, Hess et al. 11 used survey items to capture changes in students' beliefs/attitudes/interests, concept maps to capture changes in knowledge, and a rubric to score design reviews. Attempting to gage changes across multiple targets allows researchers to identify specifically how interventions impact students.
What gaps exist in the literature related to available tools or approaches for sustainability assessments?
Two major gaps were identified in the sustainability assessment literature. First, many of the assessment tools, especially survey items, are not validated. In fact, in many cases, no attempt at validation is reported. This is problematic because without validation, researchers and readers cannot be certain that knowledge, skills, and/or beliefs/attitudes/interests were actually captured. Some records, however, went through extensive validation. Of note, are the survey items used and/or developed by Hess et al. 19 and Fraser et al. 18 .
Second, for direct assessments, the quality of rubrics used to score student constructs vary in specificity and consequently the ability to be applied in new contexts. For open-ended (lowdirected) assessments of student knowledge, some authors (e.g., Hess et al. 11 and Watson et al. 10, 22 ) present rubrics that could reasonably be applied by other researchers. Similarly, some rubrics are presented in the literature for assessment of authentic design projects (e.g., Watson et al. 24 , Hess et al. 11 , and Dancz et al. 16 ). Nevertheless, if direct assessments are to be widely used by the sustainable engineering education community, then clear and specific rubrics are needed.
Conclusions and Future Work
The systematic review resulted in rich findings of both the diversity and quality of sustainability assessments in the three target areas of conceptual knowledge, design skills, and beliefs/attitudes/interests. For each target, recent literature presents multiple examples of assessment tools that could be implemented by different institutions leading similar courses or transferred to completely new contexts. However, the effectiveness of assessment methods (in terms of objectivity, reliability, etc.) varied considerably across the records. In particular, the results suggest a need for validated survey instruments across the three target areas. Additionally, there is an opportunity to develop more options for direct assessment of sustainability knowledge and project artifacts.
To supplement the results of this systematic review, the research team plans to broaden the search of engineering education literature to include journals and other conference proceedings within and beyond the United States. Using the same research questions and a similar screening/appraisal process, the team hopes to build on the categories identified in the ASEE proceedings either through additional examples or new sub-categories of assessment types. Any remaining gaps could help direct future research projects. Ultimately, improving the quality and accessibility of sustainability assessments can help engineering educators enhance learning activities for future engineers. rubric to assess civil engineering students ' 
APPENDIX A: Excerpts of Sustainability Assessments from Retained Records
Please note that assessment tools below are excerpted and/or paraphrased from the sources cited. Citations are provided after the title of each record, which are listed in order of decreasing relevance index (as determined by ASEE PEER).
Sustainable Engineering Internships: Creation and Assessment 28
Self-report survey items to test knowledge and skills
Students answered the following items using the following scale: To a great extent, To a moderate extent, To a small extent, or Not at all.
1. The internship increased my ability to explain sustainability concepts and terminology. 2. The internship increased my ability to recognize impacts of engineering project/designs on sustainability. 3. The internship increased my ability to identify mitigation strategies for reducing negative impacts on sustainability. 4. The internship increased my ability to evaluate potential engineering solutions based on sustainability. 5. The internship increased my ability to work effectively in multidisciplinary teams.
Students answered the following items using the following scale: Strongly agree, Agree, Disagree, Strongly Disagree 6. Participation in the internship will make me more likely to consider sustainable design options in my future. 7. I would recommend future students to participate in sustainable engineering internships.
Exploring Contemporary Issues in Sustainable Energy 29
Self-report survey items to test knowledge and attitudes/beliefs/interests 
Substantive Attitudes
6. Technology is an essential part of future solutions for sustainability. 7. Innovation is the most important means for achieving sustainability. 8. As a society, we much reduce consumption in order to achieve sustainability. 9. We need the humanities & social sciences to understand technology and its consequences. 10. Sustainability is a complex social problem.
Substantive Knowledge
11. There are two sides to every issue. 12. The findings of scientists in universities and research institutes should be trusted. 13. Sustainability is a complex problem for which there are few definite answers. 14. Politics is a part of the problem not the solution.
15. It will be difficult to achieve sustainability in a capitalist society. 16. I believe the humanities and social sciences will be important to my future professional identity as a scientist, engineer, or architect.
The Wicked Problems in Sustainable Engineering (WSPE) Imitative: Pilot Results of a Cross-Institutional Project-Based Course Offering 11
Concept maps for knowledge assessment 1. Get out a blank piece of paper, a writing instrument, and write and circle 'Sustainability' in the center of the paper. 2. The general form of your map should be a series of connected bubbles, with the 'Sustainability' bubble at the center. These bubbles do not have to be strictly hierarchical, and can include anything from words to phrases to images. 
Sustainable Industrial Engineering Modules 15
After participation in a module entitled "How Can Engineering Probability Help to Achieve Sustainability?" students answered the following questions with: Strongly not confident, Not confident, Confident, Strongly Confident.
1. I can identify the current sustainability issues for a given topic. 2. I can identify knowledge that would be helpful for improving/understanding these issues. 3. I can identify potential sustainability factors and research questions. 4. I can identify data collection opportunities and practical issues. 5. I can identify appropriate probability and statistics tools for analyzing data to answer the research questions.
After participation in a module entitled "Life Cycle Sustainability Economics" students answered the following questions with: Strongly not confident, Not confident, Confident, Strongly Confident. After participation in a module entitled "How Can Operations Research Help to Achieve Sustainability" students answered the following questions with: Strongly not confident, Not confident, Confident, Strongly Confident.
1. I can identify the current sustainability issues for a given topic. 2. I can identify relevant objectives (sustainability metrics) and goals (maximize, minimize, meet target). 3. I can identify potential actions to improve sustainability. 4. I can identify constrains and practical considerations for implementation of these actions. 5. I can identify appropriate deterministic operations research tools for guiding more sustainable decisions.
Objective (multiple choice, true/false), short answer, and closed-ended problem assessment of knowledge and
Objective assessments and short answer questions were used to test knowledge gained through the modules outlined above (available at: http://www.uta.edu/ce/ese/IE%20Modules04.htm). Sample questions are provided below. 4. A family is considering two homes for purchase. Although it has a higher up-front cost, Alternative 2 is designed to be more energy efficient, via better insulation, double-paned windows, and a radiant barrier under the roof. Alternative 2 also has low-flow toilets and faucets, to reduce water use, and a tankless water heater, which will reduce natural gas usage.
Details regarding the 2 homes are shown below. Assuming a 40-year time span and i=5%, perform a present worth cost comparison to determine whether the additional up-front cost for Home 2 is justified over the long-term. 
